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The energy-loss rate (ELR) of a charged particle in a two-dimensional semiconductor with Rashba
spin-orbit coupling is studied. Our model takes into account of the temperature and density
dependence of the electronic properties of the Rashba system. The energy and temperature
dependence of the ELR are presented. It is found that a finite Rashba spin-orbit coupling offers a
mechanism of tuning the mean scattering time in narrow-gap semiconductors. With a change of
Rashba parameter of around 3 times, the mean scattering time can change by one to two orders of
magnitude. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790847]
The recent advancement in spin-electronics (spintronics)
and spintronic materials1 has provided opportunities in devel-
oping unique optoelectronic devices whose optical and trans-
port properties can be tuned by the intrinsic spin-orbit
interaction. Practical spintronic material systems have been
realized, and advanced electronic devices have been pro-
posed, such as spin transistors,2 spin waveguides,3 and spin
filters.4 In narrow-gap semiconductor nanostructures such as
InAs- and In1xGaxAs quantum wells, the inversion asymme-
try of the confining potential due to the presence of the hetero-
juction5 resulted in the spin splitting (or spontaneous spin
splitting) of the carriers in the absence of any applied mag-
netic field. This effect is similar to that under an inhomogene-
ous surface electric field. Therefore the inhomogeneous
heterostructure confining potential is an electrical equivalence
to the Rashba spin splitting or Rashba effect.6 This confining
potential can be further tuned with an applied gate voltage.
Phenomena related to Rashba effects in, e.g., InAs- and
In1xGaxAs-based two-dimensional electron gas (2DEG) sys-
tems, have been observed.7,8 The value of the Rashba parame-
ter in these semiconductor systems can be as high as
4 1011 eV m. The experimental results8 have shown that
in InAs-and In1xGaxAs-based 2DEG systems, the Rashba
effect [with SU(2) symmetry] is responsible for the spontane-
ous spin splitting. Other contributions such as the Dresselhaus
term can also be significant in systems with wide gaps,
because it comes mainly from the bulk-inversion asymmetry
of the material.9 The Rashba effect in a 2DEG has been inves-
tigated by using charge and spin transport.7,8,10 It has been
shown recently that a random Rashba field can result in non-
linear anomalous Hall effect and negative magnetoresist-
ance.11 A strong Rashba coupling gives rise to the intrinsic
instability of electronic interface.12 A quantum pump based
on the Rashba coupling in graphene has been proposed.13
Spin Hall effect in a kagome lattice driven by Rashba spin-
orbit interaction has also been demonstrated theoretically.14,15
Electron energy loss spectroscopy (EELS) is a powerful
tool which provides physical insights on the electronic band
structure, phonon excitation, plasmon excitation, and surface
properties of a material. It has recently been utilized in the ex-
perimental study of the graphene plasmon properties.16,17 In
order to fully exploit the results of EELS, it is crucial to
understand the energy loss rate (ELR) of an external particle
in a two-dimensional semiconductor with Rashba spin-orbit
coupling (2DS/RSO). The ELR of a particle in marginal
Fermi liquid18 and ELR of positron in metal19 has been theo-
retically studied. In this work, we investigate ELR of a
charged particle in 2DS/RSO. In particular we shall show that
the Rashba spin-orbit couple (SOC) offers an additional mech-
anism for tuning the transport and scattering of a charged par-
ticle in semiconductors. The ELR of a charged particle in
2DS/RSO is calculated under the framework of self-consistent
field approximation.
The Hamiltonian of a two-dimensional electronic sys-
tem in the x-y plane in narrow-gap semiconductor nanostruc-
tures (e.g., InGaAs/InAlAs quantum wells) is given as
H0 ¼
1
2m
ðp2x þ p2yÞ þ
k
h
ðrypx  rxpyÞ; (1)
where m is the electron effective mass in the absence of
electron-phonon interaction and SOI, k is the Rashba SOI pa-
rameter, rx and ry are Pauli spin matrices, and px and py are
the electron momentum operators. The wavefunction can be
written in the form of wðx; yÞ ¼ ukðx; yÞnk;k, where ukðx; yÞ
¼ expðikxxþ ikyyÞ. The eigenvalue is given as
s;k ¼
h2k2
2m
þ skk; (2)
where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y
q
and s ¼ 61, and eigenfunctions nk;s are
nk;s ¼
1ffiffiffi
2
p
1
sðky  ikxÞ=k
 !
: (3)
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The polarizability function can be evaluated from the bare
bubble diagrams and is given by
Pðq;xÞ ¼
X
k;s;s0
Fs;s0 ðhk;kþqÞ
fkþq;s0  fk;s
s;kþq  s;k  x0
; (4)
where x0 ¼ xþ id with d! 0. The wavefunction overlap is
Fs;s0 ðhk;kþqÞ ¼ ð1þ ss0cos hk;kþqÞ=2, where hk;kþq is the
angle between k and kþ q and fk;s is the Fermi-Dirac distri-
bution function.
We consider a particle with initial momentum p and
energy ep which is fired onto a 2DS/RSO. The particle transfers
a momentum of Dp ¼ q and energy De ¼ x ¼ ep  epq to
the RSO/2DS and emerges with a final momentum of pq and
energy epqðh¢1Þ. For a particle interacting with the 2DS/
RSO, the energy exchange is determined by x ¼ pq cos /=m
q2=2m, where / is the angle between p and q and m is the
particle mass. The energy loss rate can be written as
dep
dt
¼
ðK
0
d2q
ð2pÞ2
WqðxÞðepþq  epÞ; (5)
where WqðxÞ is the transition probability and is given by
WqðxÞ ¼
2gq
1 ebx Im
1
DqðxÞ
 
; (6)
where gq is the coupling constant representing the interaction
between the incident particle and 2DS/RSO. It is taken to be
the screened Coulomb interaction
gq ¼
2pe2
s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ q2s
p : (7)
Here q2s ¼ 0:66rsk2F is the screen wave number and
rs ¼ me2=skF is the plasma parameter, s is the static
dielectric constant of the host semiconductor, b is the inverse
temperature ðkBTÞ1, and DqðxÞ is the dielectric function.
The dielectric function under random-phase-approximation
is given as
DqðxÞ ¼ 1 qPðq;xÞ; (8)
where q is the strength of electron-electron interaction of
2DS/RSO. The imaginary part of the inverse dielectric func-
tion in Eq. (6) signifies the incident particle energy-loss in
2DS/RSO. It is straight forward to see that
Im
1
DqðxÞ
 
¼ q
jDqðxÞj2
Im½Pðq;xÞ: (9)
Here the plasmon oscillation has been ignored since it is
heavily damped in 2DS/RSO for large momentum scattering.
The integration upper limit K is determined by the maximum
momentum change of the fast particle in an elastic back scat-
tering, which is 2 p. The chemical potential of the 2DS/RSO
is determined self-consistently from the charge density at
arbitrary temperatures.
In Fig. 1, we show the dependence of ELR on the mo-
mentum of the incoming particle for various Rashba SOI
strengths. At fixed k, ELR increases with p, a property
directly related to the increased phase space when p
increases. However, if p is sufficiently large, the ELR is lim-
ited by the single particle excitation of 2DS/RSO. Therefore
ELR saturates at large p. The most interesting feature we
observe here is the dependence of ELR on the SOI parameter
k. As k increases, ELR increases remarkably. This behavior
can be understood as follows. In the absence of the spin split-
ting, there is a single value of momentum transfer corre-
sponding to the transition energy for a photon absorption.
Due to Rashba splitting, there are four different momentum
transfers for a given frequency, two intra- and two inter-level
transitions. This leads to the fine structures in both the real
and imaginary part of the dielectric function. These fine
structures are only resolved if k is sufficiently large. Under
finite k, there are two energy branches (s ¼ 61). The elec-
tron concentration in the þ() branch increases (decreases)
with k. The total excitation spectrum10 Im 1DqðxÞ
h i
increases
for q < kF and decreases for q > kF. The ELR is controlled
by gq which decreases rapidly with q. As a result, ELR
increases with k.
The temperature dependent ELR is shown in Fig. 2 for a
Rashba parameter of 1011 eVm under different charge con-
centrations. The temperature dependence is mainly deter-
mined by two factors (i) the chemical potential decrease with
the temperature and (ii) the thermal phase factor related to
the space of electronic transition ð1 expðbxÞÞ1. The
first effect of weak as there is only a small correction to the
FIG. 1. ELR as a function of momentum of the incoming electron at
T¼ 77 K under several different Rashba spin-orbit coupling parameters.
FIG. 2. Temperature dependence of ELR at various electron concentrations.
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chemical potential at finite temperature. The second effect is
more significant. As temperature increase, the phase space
decreases rapidly, leading to a large reduction of ELR at
high temperatures. At low temperature ðT < 10KÞ, the ther-
mal energy is much less than the incident energy. As a result,
ELR is insensitive the temperature change. The scattering of
the incident particle by the 2DS/RSO is proportional to the
electron concentration of the 2DS/RSO and the coupling
strength gq which decreases with the concentration due to
the screening effect. Therefore increasing the electron con-
centration of 2DS/RSO leads to an enhanced ELR, but it
increases with the electron concentration slower than the lin-
ear dependence.
The mean scattering time of the particle in 2DS/RSO is
defined as
s ¼ ep
dep
dt
 1
: (10)
In Fig. 3, we plot the wavenumber dependence of the mean
scattering time under various RSO parameters. The scatter-
ing is generally weaker (long s) for slow and faster particles.
For slow particles, the energy is low as well as the ELR,
resulting in a long scattering time. For fast particles, higher
energy and large ELR also lead to a weak scattering. There
exists an optimal incoming energy at which the scattering of
the incident particle by the 2DS/RSO is the strongest. The
results suggest that the scattering time is dominated by ELR
at low energy and by the incoming energy at high energy.
The interplay of the incoming energy and ELR results in a
turn around scattering time at an intermediate energy. The
optimal momentum where the scattering is strongest is de-
pendent on the RSO parameter. A low k corresponds to
lower ELR, thus a lower optimal momentum.
The diffusion constant is given by
Dp  ðmpÞ2sp  epsp: (11)
From the mean scattering time, we can deduce that under
strong Rashba coupling, diffusion constant increases with
energy slowly at low energy and rapidly at high energy. Under
a weak Rashba coupling, the diffusion constant decreases
slowly at low energy and increases rapidly at high energy.
In conclusion, the energy-loss rate of a fast particle in
2DS/RSO has been calculated. Our method takes into
account the full temperature and density dependence of the
electronic polarizability, the scattering phase space, and the
chemical potential. Therefore the result is valid at arbitrary
temperatures. The momentum dependent scattering time
shows the interplay of the incident energy and electronic
transitions in 2DS/RSO. Experimentally, the RSO parameter
can be tuned with an applied electrical field. This suggests
that our result of k-dependent ELR can be tuned under an
applied field. The scattering time shown in Fig. 3 indicates
that it can be tuned by one to two orders of magnitude when
the RSO parameter is varied by a factor of around 3. This
finding offers a method to design and modulate the transport
of charged particles in semiconductors with finite Rashba
spin-orbit coupling.
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